In this work we report on the behavior of ionic liquids (ILs) containing sulfonium cations as electrolytes for electrochemical double layer capacitors (EDLCs). Physical properties such as viscosity and ionic conductivity are reported over a range of temperatures for ILs containing the diethylmethyl sulfonium [S 221 ], triethyl sulfonium [S 222 ] and dimethylpropyl sulfonium [S 223 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 a significant degree of ionic coordination being evident in [S 223 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 ). [1][2][3] Their ability to accept or deliver charge at substantially higher rates than electrochemical cells suitable for use in applications where peak demand is substantially greater than the average load. 4,5 Other desirable features of EDLCs are that they possess long cycle live (in excess of 500,000 cycles) and relatively high energy efficiencies. [1][2][3][4][5][6][7] Consequently, EDLCs can be used to produce systems that require less maintenance than those where energy is stored in batteries.
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Their ability to accept or deliver charge at substantially higher rates than electrochemical cells suitable for use in applications where peak demand is substantially greater than the average load. 4, 5 Other desirable features of EDLCs are that they possess long cycle live (in excess of 500,000 cycles) and relatively high energy efficiencies. [1] [2] [3] [4] [5] [6] [7] Consequently, EDLCs can be used to produce systems that require less maintenance than those where energy is stored in batteries.
Conventional EDLCs are comprised of activated carbon based electrodes, an electrically insulating separator and an organic electrolyte solution.
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The electrolyte is typically a solution of tetraethylammonium tetrafluoroborate in acetonitrile or propylene carbonate, restricting the use of EDLCs at higher operating temperatures.
Ionic liquids (ILs) have received a significant a degree of attention as an alternative to organic electrolytes, not only for EDLCs 8, 9 but also for lithium ion batteries. [10] [11] [12] [13] They are considered to be less hazardous than conventional electrolytes due to their non.flammable nature and the fact that they tend to exhibit negligible vapour pressures. 9, 14 ILs are salts with relatively low melting temperatures (typically <100ºC) 8, 13 which is a consequence of the weak interactions between their constituent ions. Typically the cations and anions found in ILs are mismatched in terms of size and frequently display some degree of charge delocalization. 15, 16 The structure of these components and their degree of coordination have substantial influence over the physical properties of ILs, with the nature and relative sizes of the ions being known to strongly influence viscosity. 8, 17, 18 This in turn affects ionic conductivity, which is a crucial parameter in the design of EDLCs as it has a profound influence 4 on the equivalent series resistance (ESR) of the cells. For example, it is known that ILs containing the bis(trifluoromethanesulfonyl) imide ([Tf 2 N]) anion exhibit relatively low viscosities and wide electrochemical stability windows (ESWs). This has been attributed to the partially delocalized charge in the anion which reduces the strength of anion.cation interactions by imparting flexibility into the structure. 19 In addition it has been demonstrated that [Tf 2 N] containing ILs can form a stable passivating layer that prevents corrosion of the aluminum current collectors' surface. 20 A wide ESW is a characteristic frequently associated with ILs, which is also of benefit to their application as EDLC electrolytes. The energy stored in an EDLC, , can be determined using the at 50 ºC in a system using microporous activated carbon electrodes.
In order to enable operation at lower temperatures and to improve power capabilities, ILs are frequently employed as the conducting salt in an organic.based electrolyte. Concentrated solutions exhibiting high conductivity, low viscosity and wide ESWs can be achieved in such mixtures, with stable cycling at an operating voltage of 3.5 V having been demonstrated using a The small cation size results in ILs with a relatively low viscosity (and high ionic conductivity) and allows for a greater packing density of ions at the electrode surface.
In this current work we report on the behavior of neat S.ILs in EDLCs operating at room temperature, and investigate the influence that cation structure has on cell performance. Cell operating potentials were determined for each IL using the same microporous activated carbon used to investigate EDLC performance and importantly, the asymmetry of the operating potential was taken into account during EDLC assembly by altering the mass loadings of active material on each electrode. 35 The ionic liquids used in this study were purchased from Io.Li.Tec GmbH (Germany) and had a minimum stated purity of > 99%. Chart 1 illustrates the structure of the ions contained in these ILs along with the abbreviated name used throughout this report. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Prior to characterisation or cell assembly, ILs were vigorously stirred under heating for several hours in an argon filled glovebox (H 2 O <0.1 ppm, O 2 <0.1 ppm). The moisture content of all ILs used in these experiments was determined to be less than 10 ppm using Karl Fischer titration (KF899 Coulometer, Metrohm).
Thermal stability was determined using thermogravimetric analysis (TGA/DSC1, Mettler Toledo). Roughly 10 mg of each sample was heated in an aluminium pan from room temperature to 600ºC at a rate of 10ºC min , held at this temperature for 1 hour before heating to 100 ºC at the same rate.
Density and viscosity measurements were performed with a thermoregulated digital densimeter/viscometer (SVM 3000, Anton Paar K.G.).
Ionic conductivity was determined using the impedance method with a Modulab XCM (Solartron) over a frequency range of 100 kHz.10 mHz. The cell constant between two freshly polished platinum electrodes was determined before each experiment using a standard KCl 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34 Two.electrode button cells (2016) were assembled using stainless steel spacers, carbon based electrodes and glass fibre filter paper separator (GF/F, Whatman). The separator was soaked with the IL under study and the cell components were then placed under vacuum in the glovebox antechamber for roughly 5 minutes to encourage the impregnation of the electrolyte into the electrode porosity. Cells were then crimped closed inside the glovebox.
In order to evaluate the electrochemical stability window of the ILs in EDLCs we used counter electrodes with at least twenty times the mass of the conventional working electrodes using the same composition as described above with PTFE (Teflon 30.N) as the polymer binder. This produced self.supporting electrodes 12.6 mm in diameter that were roughly 0.5 mm thick. Cyclic voltammetry was performed on these asymmetric cells from the OCP to 0.5V four times at 5 mVs .
1
. The window was then increased in 0.1V increments to a maximum of 2.0V. The limit was defined by the lowest potential to have at least 97 % coulombic efficiency. This was repeated using fresh cells for the cathodic limit from 0 to . ), was determined by considering the quantity of charge delivered during discharge, ∫ (C), the operating potential window, " (V), and the mass of active materials in both electrodes, (g) as shown in Equation 1 below.
For Galvanostatic measurements, the capacitance was determined from the current, (A) and the slope of the discharge curve ( # ) after any "iR drop" was observed as shown in Equation 2
below.
Cell capacitance determined by electrochemical impedance spectroscopy was determined using Equation 3 where $ represents the perturbation frequency (10mHz) and Z imag the imaginary component of the impedance at this frequency. • () (4) 68.0 ºC which seems to be the glass transition (T g ), however, this change occurs over a wide temperature range and it is difficult conclusively identify this as the glass transition, after this, it Page 10 of 36
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where ρ is the calculated density (g cm
), is the molecular weight (g mol . and for the ILs presented here can be seen in There is no clear trend seen in viscosity with alkyl chain length. The lines in Figure 3a , where < -, B and T 0 are adjustable parameters, given in Table S 2, in Supplementary Information. The relationship B/T 0 is related to the liquid fragility, or the manner in which transport properties vary with changing temperature. Low B/T 0 indicates that the liquid is strong and its transport properties are influenced to a lesser extent with changes in temperature than liquids associated with a high value of B/T 0 . It is important to clarify that the fragility analysis is often performed near the T g , and changes in the fit profile should be considered at lower temperatures than the range presented here.
42,43
The viscosity VTF fit indicates that the four ILs studied here present similar fragility as they present similar values of B/T 0 , the transport properties experience similar changes when the temperature is changed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15 in good agreement with the available literature.
25,26
The VTF fits for ionic conductivity are the lines presented in Figure 3b , the equation for ionic conductivity VTF fit is A = A -= > 5 5 ? ⁄ , where A -, B and T 0 are the adjustable parameters, which can be seen in Table S at 25 ºC (298 K) respectively. The slope of the linear fit of these points is related with the liquid ionicity; a steeper gradient signifies larger ionicity, indicating that more ions are free to participate in the conduction process. The parameters from the linear fits can be seen in Table S over increasingly wide potential windows in either the positive or negative direction. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Operating potential determination using cyclic voltammetry. Coulombic efficiency (symbols, left) of cells used in the determination of anodic/cathodic limits. Cells cycled from OCP to 0.5V, then in 0.1V increments to 2.0V. Limit defined by the potential at which 97% efficiency was observed. Fresh cells used to determine the cathodic limit, cycling from OCP to .1.0V
initially and in 0.1V increments to .2.5V. Cyclic voltammograms of these "half.cells" expressed in the form of specific capacitance (lines, right) for the defined potential limits.
At the determined operating potential limits (at least 97% efficiency), Figure 5 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 cation. The more rectangular form of the CVs exhibited by the S.ILs in Figure 5 The operating limits and mass loading ratios derived from the CVs in Figure 5 are listed in Table 2 .
Operating potential limits and mass loading ratios determined using cyclic voltammetry. Limits determined at a coulombic efficiency of 97% from experiments performed at 25ºC using a sweep rate of 5mVs
.1 ( Figure 5 ).
Negative limit (V (% OCP))
Positive limit (V (% OCP)) m + /m .
[ Initially the ratios used were determined by balancing the amount of charge delivered during the discharge step on each electrode according to the equation 7 below.
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Where m ± represents the mass loading of active material on the positive/negative electrode and q ± represents the quantity of charge delivered from the positive/negative limit back to the open circuit potential (OCP). As the capacitive response at negative potentials is significantly larger than that seen at positive potentials, balancing the charge in this manner resulted in relatively large mass loading ratios of 4. Figure   5a ), this method resulted in a mass loading ratio of 1.45 which is similar to that reported in other studies. 35, 46 However as EDLCs assembled with these ratios exhibited significant electrolyte decomposition during cyclic voltammetry at 5 mV s and remarkably low coulombic efficiencies ( 80%) it was decided to simply use the ratio of negative to positive limit indicated in Table 2 . . The lack of significant peaks in Figure 6 indicates that no faradaic reactions 
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. The results are presented in Figure 8 .
Comparison of specific capacitance determined using galvanostatic charge/discharge cycling at different rates.
[ Experiments were performed at 25ºC using rates between 0.1 and 10 Ag .1 .
Considering the discharge time of the cells, the range of sweep rates in Figure 7 corresponds to values of specific current up to roughly 2 Ag in Figure 7 . This trend is changed at higher Characteristic resistances determined from the spectra in Figure 9 alongside values of specific capacitance (determined from the imaginary component of the impedance at 10mHz) are given in Table 3 .
Cell characteristics determined from electrochemical impedance spectroscopy measurements. C EIS represents cell capacitance from the spectra at 10mHz, R s represents the series resistance (identified as the real component of the impedance where the spectra crosses the imaginary axis) and R i represents the ionic resistance (defined as the diameter of the high.frequency semicircle).
There is a marked difference between the spectra of the S. (Table 1) .
26
The semicircle seen at high frequencies is attributed to the interactions between the pores of the electrode with the ions in the electrolyte. In this work we investigate the behavior of ionic liquids containing sulfonium cations as electrolytes for EDLCs. Physical properties such as viscosity and ionic conductivity were reported over a range of temperatures, as well as their thermal and electrochemical behavior. The S.ILs were shown to exhibit relatively low viscosities and high ionic conductivities (with their relative performance being related to the size and structure of the cation) however they also 
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